The network response associated with the incorporation and reactivity of water molecules in bulk phases of amorphous and crystalline silica are investigated using density functional theory. The extent of network relaxation is found to change the relative stabilities of the reactant and product states. A highly reactive site, with a low activation barrier, is associated with a highly strained site in which network relaxation significantly stabilizes the silanol state by effectively annealing the local structure. Diffusion and exchange reaction paths are found to likely be associated with minimum energy paths in which the stability of the product and reactant states are equal. These latter paths are associated with minimal network response, although the ability of the silanol groups to take on several conformations has an overall effect of changing the stability along a given reaction path.
Introduction
The reaction of molecular water with silica and its reverse reaction play key roles in the diffusion of water in silica, 2 in the processes that lead to dissolution or corrosion, 3 in the exchange of oxygen atoms with the network backbone, 4, 5 in sol-gel processing, 6 and in controlling the phase stability of surfactant/silica composites. 7 The presence of water, either in the reacted form as silanol groups (Si-OH) or in its molecular form, has strong effects on the physical properties of silica. At elevated temperatures, the presence of water reduces the viscosity. 2 At lower temperatures, the presence of water can affect properties such as the optical absorption. 2 Experiments have characterized water reaction and diffusion into silica glass by determining the buildup of silanol groups and the extent of penetration, 1 the exchange of oxygen isotopes between labeled water and the silica network, 8, 9 the solubility of water in silica and its dependence on vapor pressure and temperature of the system, 10 and by glass dissolution methods. 2 Other recent experiments include studies in which significant network relaxation or modification ensue from the reaction of water with silica at the surface as well as in the bulk 11, 12 and when molecular water is solvated in silica. 13 Silica glass is known to contain different concentrations of water in the form of silanol groups or whole molecular water. The concentration and distribution of water or silanol groups in a particular glass depends on the sample history. In fact, it is very difficult to make a dry glass without the use of additives such as fluorine. The mechanism for trapping reacted water in silica is difficult to determine experimentally because the reactions generally occur during processing and the water cannot be subsequently removed. In contrast, water can diffuse from the surface of a glass into its interior, and vice versa, and continue diffusing if it does not trap. The mechanism for diffusion consists of a mix of the water-silica reaction and its reverse and whole molecular water molecules diffusing through the open network structure without reactions. Experiments based on diffusion studies predict average reaction activation barriers of around 18 kcal/mol (0.78 eV). 1 The relationship between "trapped" water and diffusive water is not well known, and it is difficult to determine the mechanism of trapping experimentally. In this work, density functional theory (DFT) calculations are used to show that nondiffusive silanol groups are a result of an irreversible reaction that anneals the glass network to a significantly lower energy configuration. A comparison is made with a glass system in which diffusive behavior by a reaction mechanism is observed. Network relaxation is found to play a key role in controlling the height of the activation barriers by varying the degree of stability between the reactant and product states. Additionally, the possibility that the silanol state has multiple configurations caused by network response can lead to stabilizing that state, an effect not seen in pristine crystals.
The characterization of the reactivity of water with silica has received considerable theoretical attention. Previous theoretical studies of water interacting with silica focused on gas-phase cluster calculations that are unable to capture the effects of network response. [14] [15] [16] Earlier bulk-like calculations focused on the diffusion of water in large quartz-like clusters that allowed only the relaxation of the water molecules. 17 Additional studies of water binding in quartz have considered the importance of network response, 18 albeit still in large quartz-like clusters. Recent work has addressed key issues in diffusion and reactions of water with respect to different ring sizes and defects in silica. 19, 20 That work mentioned the existence of a range of activation barriers and a range of relative stability between the molecular water and silanol states. The intent of this study is to uncover the source of the ranges of the activation barrier and relative stability as well as to reveal the role of network relaxation in the reaction pathways.
In contrast to the perfect crystalline states, amorphous silica has a medium-range structure with a wide range and distribution of ring sizes. The local molecular structure in terms of the Si-O bond lengths and O-Si-O bond angle of the fundamental SiO 4 tetrahedron are very similar for crystal and amorphous states, but distortions of the local structure can play an important role in reactivity. In amorphous systems, the Si-O-Si bond angle and the dihedral angle distributions are associated with different ring sizes and their conformations. A range of reaction barriers may, at least in part, correspond to different degrees of strain due to different ring sizes, 19, [21] [22] [23] where the smaller rings are associated with greater local strain. In glass, strained sites can also manifest from contortions of larger rings. The quality of the glass structure plays a key role in its reactivity, and the reactivity of the nearby network can change after a reaction takes place.
The evidence of increased reactivity of small rings (containing three or four Si atoms) relative to larger rings is derived predominantly from studies of isolated rings in equilibrium conformations. The difference in strain due to ring size, however, does not explain the occurrence of extended network relaxation. The correlation of chemical reactivity with network relaxation requires an understanding of network connectivity and strain distribution. The relationship between the release (or increase) of strain upon reaction and its role in the relative stability between the reactants and products is unknown. Changes in the relative stability of reactants and products should be correlated with changes in the height of the reaction barrier. 24 At dry silica surfaces, there can be surface reconstruction to form two-membered rings that quickly react with water. Twomembered rings are not likely to occur in the bulk at significant or measurable concentrations. The case of these very small rings is not discussed in this work. Reactions of water with twomembered rings and other strained configurations at surfaces of silica have been addressed by others. 23, 25 A full study would require that the reaction pathways be investigated for every site, but such a course is prohibitively computationally expensive. One simple solution is to add water across all of the SiO bonds, one at a time, to determine the relative stability. However, what is needed first is insight about the correlation between the reactant and product states and the local structure and response of the network. In glasses, the shortrange structure may look similar at different points, but the associated intermediate-range structure may differ significantly. The latter difference will lead to a different response of the local network. Therefore, detailed reaction pathways are studied for a single site in each of two distinct glass samples that differ in their fundamental intermediate-range structure. The glass samples used here are prepared in an identical manner, but have very different structure features and differ in density. They are intended to be models of real glassy silica, but there are differences in simulated glasses and real glasses that are discussed elsewhere. 26 The key point here is that the two glass samples are representative of the structure fluctuations that can occur in real glasses 27 and are used to exemplify an extreme case of a glass with significant local strain and the case of a more homogeneous glass.
Theoretical Methodology
The calculations were carried out using two distinct amorphous structures of silica as well as R-quartz and -cristobalite crystalline structures. The amorphous silica structures consisted of 72 atoms in a cubic cell. The quartz structure consisted of 8 unit cells with a total of 72 atoms and that of cristobalite contained 8 unit cells with a total of 96 atoms. All of the systems were subject to periodic boundary conditions. Both glass structures were generated by classical molecular dynamic (MD) simulations using the BKS potential 28 in the simulation code DL_POLY. 29 The initial structures were made by randomly inserting 24 Si and 48 O atoms into a cubic simulation cell using a suitable distance criteria between atoms to avoid overlaps. The density was fixed at 2.20 g/cm 3 (the experimental average density) during the classical glassformation simulation. The glass formation was done by first equilibrating the initial random configuration at 7000 K and then quenching the melt in steps to 300 K. 26, 30 The quenching rate was about 10 13 K/s. The final glass structures have all of the Si atoms 4-fold coordinated by O atoms, and all of the O atoms 2-fold coordinated by Si atoms. The two glass samples investigated here were selected from a larger group of glass samples that were shown to have average structures related to a much larger simulated glass. 26 Glasses A and B correspond to glass samples 1 and 4 of ref 26 . After annealing, while still using the classical interaction potential, the volumes for glasses A and B were optimized to remove any artificial global strain from the system that could contribute to the increase or decrease of reactivity. Optimized volumes depend significantly on the interaction potential as shown in ref 26 . As described in this latter reference, the two glass structures were annealed further and volume optimized using DFT. The optimization procedure is similar to that used by others, [31] [32] [33] with the essential difference that the volume optimizations are carried out by scaling the sides of the cell while optimizing the ion positions at each volume until a minimum energy volume is found. 26, 30 During optimization, the cell was constrained to be cubic. Further details of the glass generation and structure characterization, including the bond angle distributions, for these and other small silica glass samples are provided in ref 26 . The final densities of glasses A and B are 2.33 and 2.26 g/cm 3 , respectively. These two glass samples were chosen specifically to investigate the reactions of water in sites having differences in the short-and intermediate-range structure. Other essential differences between the two glass samples are described below.
The DFT calculations were carried out with the VASP code, 34-37 using ultrasoft pseudopotentials, 38 the PW91 39 exchange correlation function, and a plane-wave basis set with an energy cutoff of 29 Ry for the wave function and 68 Ry for the electron density. These calculations used just the Γ point in the k-point sampling. The importance of using a generalized gradient approximation (GGA) rather than the local density approximation (LDA) when studying silica has been demonstrated by Hamman. 40 Additional justification for using GGA is obtained by examining the structure and energy of a water dimer. A comparison of the water dimer structure and hydrogen bond energy using LDA and GGA, provided in a The use of GGA provides a better representation of the water dimer than the LDA when compared to more accurate ab initio calculations. 41 The DFT optimized glass A and B samples differ in that glass A has a wide distribution of Si-O bond lengths and O-Si-O bond angles, whereas, glass B has a more uniform structure, with narrower distributions, as can be seen in Figure 1 . The two glass samples are intended to contain representative features of the intermediate-range structure, that is, the ring population and their spatial distributions, found in real glasses. The primitive ring size distribution is wider for glass A than for glass B with both distributions centered about a ring size of 7, counting only the Si atoms. The Si-O-Si bond angle distribution are equally wide with glass B having a larger population at a smaller angle such that the average angles are 145.1 and 146.4°, respectively, for glasses A and B. Note that the data is noisy owing to the small sample, and it is difficult to give a more quantitative analysis. By no means do these two samples contain the entire spectrum of possible local structures, but they do contain local features that are typically found in the mediumrange structure of larger simulated glasses that have a total distribution function that is well correlated with neutron diffraction data. 26, 30 The minimum energy path (MEP) and activation barriers of the reaction of a water molecule with the silica network were determined by coupling constant volume DFT calculations with the climbing image-nudged elastic band method (CI-NEB). 42 NEB is a method for finding a minimum energy path between the initial and final states (preferably minima) for diffusion and reaction paths. The climbing-image modification to the NEB method [42] [43] [44] ensures convergence to a saddle point along the path. Minimization of the MEP was subject to a convergence criterion of 0.1 eV/Å for the full path and 0.01 eV/Å for the saddle point configuration.
Results

Molecular Water Solvated by the Silica Network.
The amorphous network topology of silica glass contains cavities and channels that are nonuniform in size and shape. The intrinsic structure of a cavity can be probed by determining both the response of the network and the energy associated with accommodating an inserted molecule. The effect of having different ring size distributions that lead to different cavity sizes and shapes can also be probed by inserting a molecule into different cavities. It is also necessary to sample the inserted state of a water molecule in the glass samples to obtain a low-energy reference point for the reaction pathway calculations used to determine the reaction activation barriers.
The energy to incorporate a water molecule into the silica network without reaction was determined by inserting water molecules into different cavities of both glasses A and B. There are numerous cavities, even for a small system, of different sizes and shape (they are not necessarily spherical or of some simple geometric shape). In this work, a water molecule was first inserted into a region of the glass to avoid overlap with the atoms of the silica network. The water molecule was then allowed to relax to a local minimum while holding the atoms of the silica network frozen. This was done to avoid artificially breaking the network or inducing some other catastrophic effect. Afterward, the entire system was allowed to relax so that the water molecule could find a deeper local minimum as the network relaxed in response to accommodating the water molecule. Note that there may be several local minima for the water molecule in any given cavity, as described further below. This procedure was repeated to sample several cavities in each of the glass and crystalline systems.
The insertion energy, E Insert is calculated as the difference between the energy of a water molecule inserted into a silica sample and the sum of the energy of the same dry silica sample and the energy of an isolated water molecule. In glass A, the insertion energy was investigated for a series of three densities. At 2.20 g/cm 3 , the insertion energy ranged from -0.81 to 2.65 eV. At 2.29 g/cm 3 , insertion in the same cavities ranged from -0.66 to 2.77 eV, and at 2.33 g/cm 3 (optimized density of the glass sample) the range was from -0.52 to 2.91 eV. For glass B, the insertion energy at the optimized density of 2.26 g/cm 3 was -0.18 to 0.28 eV.
The broad range of E Insert is correlated with the width of the bond length and bond angle distributions for each glass. For glass A, as the density was increased the insertion energy for each cavity correspondingly increased, and for some cavities the shapes changed so much that the water position in the cavity shifted. Increasing the sample density also led to changes in the hydrogen bonding between the water and the network atoms. However, the width of the range of insertion energy remained fairly constant as the density was changed. This is indicative that in compressing the system volume the intermediate-range structure, that is, the ring and void space distribution, was not affected, although their corresponding conformations did change in response to the volume change as indicated by the shifts in position and hydrogen bonding of the water molecule. In contrast, the more uniform void structure of glass B is revealed by the narrower range of the insertion energy.
For quartz, there is a much narrower insertion energy range of 1.19-1.46 eV, with values similar to previous work. 18 The insertion energy for cristobalite, determined only for a single site (note that cristobalite is highly symmetric and has only one cavity size), was found to be 0.64 eV. The lower value in cristobalite as compared to quartz is due to the lower density and more open structure. Although many of the insertion sites of the glass structures are unfavorable energetically, some insertion sites, as in the more open structure of glass A, can be comparable to the insertion of water into liquid water or ice (the cohesive energy of ice is 0.56 eV).
Water molecules in the cavities of glasses are found in multiple configuration states that include (i) forming hydrogen bonds between the water molecule and the network oxygen (O net ) atoms, (ii) weakly bound or unbound in a relatively large void with the shortest H-O net distance being greater than 2.0 Å, and (iii) covalently bound to a silicon atom of the silica network where the oxygen atom of the water molecule (O w ) has an Si-O w distance of about 1.8 Å. The bound-state Si-O w distance of 1.8 Å is in agreement with that found by others in amorphous silica bulk 19 and surface 23 states. Previous work of water in quartz 18 showed unbound and bound molecular water as well. In this work, as shown in more detail below, energy barriers are found between the unbound and bound states for the same cavity.
Spontaneous Water Reaction in Bulk Silica (Glass A).
The initial identification of a Si-O bond site where a water molecule might react most easily was done by carrying out a DFT MD simulation at 1500 K. This was done in glass A by inserting four water molecules into four distinct cavities simultaneously (as determined above) and performing constant temperature molecular dynamics. One water molecule reacted in under 4 ps. A second simulation was run with one water molecule inserted into the same cavity next to the site where the initial reaction took place. This cavity is the most favorable cavity in which to insert water, which is a covalently bound state of water, and for glass A represents a global minimum. An analysis of the void space shows that no other voids have greater volume. During the second simulation, the reaction took place at less than 2 ps. The simulation was stopped immediately after the reaction took place and the reacted system containing a pair of silanol groups was relaxed to its nearest local minimum at 0 K. The minimum energy path (MEP) was then determined for this reaction path using the NEB method as described above. The first endpoint was that of the inserted molecular water identical to the starting configuration used at the start of the second high-temperature simulation. At 0 K, this endpoint is a molecular water that is covalently bound to the silica network. In this configuration, there is a covalent bond between the oxygen atom of the water molecule and the silicon atom adjacent to the Si-O network bond that gets ruptured during reaction. The second endpoint was that of the relaxed silanol configuration obtained at the end of the second high-temperature simulation. A series of eight images were interpolated between the two endpoints to form a reaction path, and the path was optimized using the DFT-NEB method. The same path was determined for three different densities corresponding to the initial configuration at a density of 2.20 g/cm 3 , the optimized density of 2.33 g/cm 3 , and one in between corresponding to 2.29 g/cm 3 . The resulting MEPs are shown in Figure 2 . The changes in the barrier height and relative stability of the reactant and product states illustrate the nature and magnitude of the errors that can be introduced when the configuration is not optimized with respect to the interaction potential.
In glass A for this particular reaction site and at the optimized density (2.33 g/cm 3 ), the molecular water (reactant) state is less stable than the silanol (product) state by 1.9 eV and the forward reaction has an activation barrier of less than 0.2 eV. The activation barrier is observed to decrease as the density gets lower (going away from the optimized density) and occurs sooner along the MEP. Correspondingly, the difference in energy between the reactant and product states increases. The nonoptimized configurations have different degrees of network relaxation that are responsible for the shifts in the activation barrier and the relative stability of the product and reactant states. Although it seems unusual that a water molecule would react with such a low activation barrier in bulk silica, this reaction is likely to have occurred already during processing of a glass in the presence of water, and thus would not necessarily be measured during a diffusion experiment. To gain an understanding of the effect of this nearly spontaneous reaction, and the stability of the product state as compared to the molecular water state, we made an analysis of the network structure as a progression from the dry glass, to the water inserted glass, and finally to the reacted glass.
The Scatter plots of the O-Si-O bond angle versus Si-O bond length for the dry glass, molecular water state, and silanol state configurations are shown in Figure 3 . In these plots, each bond length is associated with three bond angles when the Si atom forms a tetrahedron with the neighboring O atoms. In this particular case, the inserted molecular water is covalently bound to a silicon atom, so that one Si atom is bound to five O atoms. On the 5-fold coordinated Si atom, each bond length corresponds to having four bond angles, as is shown in the center frame of Figure 3 , where the four bond angles for a the bond length corresponding to the Si-O bond that is broken are marked with ) and those corresponding to the Si-O bond formed with the water molecule are marked with x.
The following features are identified from the scatter plot of Figure 3 . The reaction site in the dry glass is found to have the longest bond length and the widest bond angle and is marked with filled diamonds in the top frame of Figure 3 . In addition, the reaction site also contains a narrow bond angle that, along with the wide bond angle, is relaxed when the bond is ruptured. The insertion of water stretches the local structure while forming a 5-fold coordinated Si atom. Note that the bond angle scale is expanded for the molecular water inserted state. Finally, in comparison to the dry glass, the silanol state has a more compact 3 from top to bottom, respectively. The three curves are normalized to set the initial molecular water state at zero. At the lowest density, the reaction barrier is 0.03 eV, and the silanol group configuration is stabilized by 2.32 eV with respect to the molecular water.
distribution. The compaction of the distribution is an indication that depolymerizaton of the network leads to the release of local network strain, and annealing-like behavior, which contributes to the stabilization of the silanol pair. The strained site is correlated with the most favorable insertion energy for molecular water in a bound state and a low activation barrier for hydrolysis. The wide bond angle of the dry glass configuration allows the water to approach easily and enter into a bound state. In contrast, the approach of the water molecule from the other side, toward the narrow bond angle, is hindered, and the activation barrier is expected to be significantly higher. The dependence on the approach of a water molecule to a reaction site is demonstrated for glass B below. The Si site that is subject to attack in this reaction is adjacent to a four-membered ring (where an N-membered ring contains N Si atoms), and the ruptured bond is part of a kinked site in a five-membered ring.
Water Diffusion and Oxygen Atom Exchange by Reaction (Glass B).
The bond length-bond angle structure analysis for the dry glass B configuration was used to identify a reaction site similar to the site found for glass A, namely, one where a long Si-O bond length is associated with a wide O-Si-O bond angle. As in glass A, the Si atom associated with the identified reaction site participates in a four-membered ring, but the bond that breaks does not participate in that ring. The initial reactant state was prepared by breaking the chosen long Si-O bond and inserting a dissociated water molecule to create a pair of silanol groups across the severed bond. In determining the complete MEPs discussed and shown below, it was often necessary to add more images to the NEB calculations to obtain more detail as different extremum points were discovered. In general, there are no less than six images between minima separated by the lowest-lying barriers and at least eight images between minima separated by the highestlying barriers.
Two distinct cavities adjacent to the chosen Si-O bond reaction site provided the molecular water state configurations for two independent reaction MEPs to the same site. These inserted water states are not the global minimum for this sample, but are close to energetically neutral, with insertion energies of less than (0.1 eV. The two resulting MEPs, labeled as branch 1 and branch 2 in Figure 4 , form a diffusion path between the two molecular water states via a reaction of the water molecule with the silica network, without an exchange of the oxygen atom. At the path endpoints of branch 1 and branch 2, the water molecule is unbound in the cavity. The unbound molecular water at the start of branch 1 (see Figure 5 ) is used as the reference state for the paths presented for glass B in Figure 4 . The molecular water state of branch 2 is lower in energy than the molecular water state of branch 1 by about 0.1 eV. The molecular water conformations are shown in Figure 5 .
In branch 1, the unbound water goes over a barrier of about 0.4 eV to a bound molecular water state. The path from the bound molecular water state to a silanol reacted state, labeled as H a , has a barrier of 0.65 eV. The formation energy between the initial unbound molecular water state and this silanol state is about 0 eV. For this reaction site in glass B, the silanol group pair has a number of different local minimum conformations, related by rotations of the OH groups, and minor shifts or twists in the surrounding silica lattice. The five silanol conformations found are shown in Figure 6 . A rotational rearrangement of one OH group, with a barrier of less than 0.10 eV, leads from H a to a lower energy conformation labeled H b , where the protons point in opposite directions away from each other. The H b conformation has the lowest configuration energy along this path and is lower than the unbound molecular water state at the beginning of branch 1 (the reference state). Another conformation change can take place from H b to H c , with a barrier of 0.17 eV, in which the silanol group pair have undergone a 180°rotation with respect to conformation H a and have exchanged their roles as hydrogen bond donor and acceptor. Following branch 2, starting from H c the silanol groups undergo a more complicated The solid and dashed portions of the curve indicate opposite directionality of the OH groups, which results in a different oxygen atom incorporated into the molecular water state. This means that a path including both a solid and a dashed branch results in an exchange of an oxygen atom between the water molecule and the silica network. At the end of each branch, the water is in a molecular state. The silanol group conformations, labeled a-e, are shown in Figure 6 , and the molecular water conformations are shown in Figure 5 . On branch 1, the bound molecular water state is indicated by an asterisk. conformation change to a higher energy (more strained) conformation labeled as H d , with a barrier of 1.07 eV. There are other minor configurational changes between H c and H d with OH conformations similar to those of H c . From the H d conformation there is a 0.93 eV barrier to an unbound molecular water state in a cavity opposite the starting point of branch 1.
The H e conformation of the silanol groups is shown in Figure  6e . The configuration energy and the conformation is very similar to H c , with a small twist of the surrounding silica network. The barrier from the H c to the H e state is about 0.12 eV. The path from H e to the end of branch 3 leads to the formation of a bound molecular water state, with a barrier of 1.07 eV. The bound molecular water is in the same cavity as the unbound molecular water state of branch 2 (see Figure 5 ). There is a barrier to the unbound state similar to that seen along the path of branch 1. Following a path from either branch 1 or branch 2 through branch 3 results in the exchange of a network oxygen atom with the water molecule.
Diffusion of Molecular Water by Reaction in Crystalline Silica.
A diffusion-reaction path between a small and large cavity in R-quartz was investigated, and the MEP is shown in Figure 7 . The NEB path had eight intermediate images between minima. The activation barrier from the first cavity (the reference state for this MEP) is 1.06 eV. The barrier from the second cavity into the same reacted state is 1.25 eV. The activation barriers from the reacted state are 0.44 and 0.65 eV to the first and second molecular water states, respectively. Along this MEP, no exchange of the O atom occurs. Although a rotation of the OH groups is possible, such as that between H a and H c of glass B, only one stable conformation was found for the silanol pair in the crystal.
Along one branch of the quartz reaction path, calculations were carried out to determine the evolution of the charge state as the reaction progressed. The calculations were carried out with the CASTEP code 45 using GGA-PW91. Single-point calculations were carried out where images of the reaction sequence were taken from the VASP-NEB MEP. A Mulliken charge analysis of the results showed an average charge on the O atoms of the network of -1.18 and for the Si atoms the average charge was +2. 36 . These values of the charge state are in agreement with other work. 28, 46 In the inserted molecular water, the O was -0.92 with the H atoms having a charge of +0.48. There is charge transfer between the protons of the inserted molecular water and the network O atoms with which it forms hydrogen bonds, and so the network O atoms participating in the hydrogen bonding are slightly more negative than O atoms elsewhere in the silica network. Each system conformation, especially between the unbound and bound states of the water molecule, has a different charge distribution for the O and H atoms of the water molecule and the O and Si atoms that participate in hydrogen bonding and in 5-fold coordinated states, respectively. As the reaction progresses, the charge on the O atom of the water and the O atom in the Si-O bond that ruptures, slowly change to a final charge of -1.05. There is a small change in charge of the H to +0.49. The Si atoms have significant charge fluctuations because small changes A reacted state of water in cristobalite was also examined. Upon rupturing an Si-O bond in cristobalite to create a pair of silanol groups, the low energy state is found to be an edgesharing configuration in which the protons are attached to 3-fold coordinated O atoms, also connected to the Si atoms. The bonds from the 3-fold coordinated O atoms to each of the Si atoms are asymmetric. The activation barrier is estimated to be above 2 eV, where the MEP to this particular configuration from a molecular water state is rather complex. Although there may be many intermediate states between these two endpoints, the overall reaction path is uphill with an energy difference of 0.58 eV, which is about the same as that for quartz.
Discussion
A wide range of incorporation energy for the insertion of water into a cavity was found for glass A. Glass A exhibits considerable local strain, and may be considered more closely related to a poorly annealed glass owing to its higher density, more open structure, and a broad distribution of the intermediaterange structure. The most favorable insertion configurations are those in which the cavity is open and flexible enough to allow the water molecule to form a covalent bond between the O w Figure 6 . Some of the major conformations of the silanol groups found in the reaction-diffusion paths in glass B corresponding to the MEPs in Figure 4 . The colors and representation of the atoms is the same as in Figure 5 . The labels a-e correspond to the similarly marked points on Figure  4 . The different states are made possible by small barriers to rotation for the individual O-H groups into nearby local minima. Configuration d requires more accommodating motion from the surrounding network, which is consistent with the significantly higher energy for this local minimum.
atom of the water molecule and an Si atom of the network. This work shows that the presence of local strain at a tetrahedral site is very important. Strain that causes wide angles and longer bonds acts to decrease the repulsion between the oxygen atoms of the water molecule and the silica network so that the water may approach and form a covalent Si-O w bond.
The energy gained through the formation of an Si-O w bond can compensate for the induced strain in the silica network. In smaller, less flexible cavities, the bound water molecule can be a local minimum that is higher than the unbound water molecule. Such is the case for glass B. Glass B may be considered a "better" glass because it has a lower density, shows a more uniform structure, and has an intermediate-range structure more closely related to what is expected to be a good glass. 26 The more uniform cavity sizes are revealed by the narrower range of insertion energy determined for this glass sample. In comparison to other work, the overall range of insertion energy of both glasses The results for glass B, a more representative sample, show that the activation barrier in a glass can be even higher than that in quartz, which does not uptake water readily, while also providing barriers that are lower than those in quartz. In contrast, we find that glass A has a significantly lower reaction barrrier at one specific reaction site so as to capture and retain water in the form of silanol groups. This site is highly reactive as compared to the experimental activation barrier, and the activation barriers found for glass B. A reaction site like this is likely to be annealed by hydrogen or OH capture during processing or is representative of a rare site in a good glass. From the two extreme examples, glass A and B, we find that the extent of the network response plays a major role in the stability of the reactants and products, and, consequently, on the activation barrier. In glass A, the local network configuration favors the silanol groups over maintaining a strained configuration. Strain is considered in terms of the relative energy of the configurations and as a function of how stretched the bond lengths and how wide the O-Si-O bond angles are relative to the equilibrium or ideal crystal-like configuration. The resistance of the network to reforming a water molecule reveals a factor that controls the retention of water in glass, namely, that the reaction of water with silica can anneal the network structure. When a water molecule reacts at a strained site, the activation barrier is low and the glass network relaxes to remove strain from the system. In turn, the number of strained bond lengths and bond angles is reduced, as indicated by the dramatic decrease in the scatter of the Si-O bond length and O-Si-O bond angles seen for glass A. We observe that relaxation of unusually narrow angles also occurs.
When the reaction-induced annealing process occurs, it can be expected that reactions at other nearby sites become less likely as the structure relaxes to become locally more ideal. Thus, the reaction activation barriers of glass A can become more like those seen for glass B. In contrast, reaction at an unfavorable site, that is, one where the stability of the silanols is higher than that of the molecular water, results in the addition of strain to the network that can create sites more susceptible to reaction. A collection of the latter mechanism contributes to hydrolytic weakening processes.
The overall activation energies determined for glass B are similar to those determined in previous work. 19 Relaxation of strain in the surrounding network stabilizes the silanol groups relative to the molecular water state, but only slightly. The relaxation is enough to allow the silanol configuration to be similar in energy to the free molecular water configuration, rather than significantly higher, as in crystalline silica. The lowest energy configuration of the silanol groups is found to be the one in which no hydrogen bonding between the OH groups exists. This is related to experimental work that shows little if any signal of hydrogen bonding between OH groups in silica glass. 47 Furthermore, the relaxation of the network also acts as an annealing process for glass B, although it is a much smaller effect than that for glass A.
We found that the reactivity at a distorted site allowed the water molecule to approach the Si atom more easily because of the wide O-Si-O angle. Wider bond angles and longer bonds can reduce the steric hindrance by minimizing the repulsion between the O atoms of the water and the network. As seen in glass B, the ease of reaction can vary according to the direction of approach for the same silicon site in the lattice. This effect is probably due to geometrical constraints because an Si site with a wide bond angle will likely have a narrow bond angle as well. An approach to a strained site from the direction of a narrow bond angle can result in a reaction barrier higher than that for crystalline silica. As seen in glass B, a reaction approaching from the less favorable direction may also have a relatively high-energy initial silanol conformation that can relax to other conformations. In this case, an examination of the structure (see Figure 6) shows that accommodation of the silanol groups requires significant twisting of the surrounding network, which adds additional strain, rather than relieving it. Unlike the case of quartz, however, the silanol groups in glass B can pass over a relatively small barrier to reach several lower energy conformations. Rotation between different conformations within the low-energy silanol "envelope" has very little effect on the surrounding network. If quantum/zero-point energy is considered, then the OH groups may be able to rotate even at room temperature. The ease of this rotation is important in the Figure 7 . Diffusion reaction path in quartz. At W1 and W2, the water is in a molecular state. The local minimum in the middle of the path corresponds to a configuration in which a network bond has been broken; the water has been inserted to form two OH groups. Only one stable silanol group conformation was found for quartz.
rate of oxygen exchange between water molecules and the silica network because the rotational state that links to the exchange MEP must be sampled for that reaction to occur. The existence of multiple nearly degenerate states of the silanol groups can have the effect of reducing the reaction rate back toward forming molecular water because multiple nearly degenerate silanol conformations increase the density of states for the silanol side of the MEP. The increase in the density of states enters into the prefactor of the rate constant and not into the activation barrier. As long as the reaction activation barriers and associated mechanisms are similar for diffusion by reaction and for exchange, then there will be little differences in the observed rates of reaction. Many more reaction paths would have to be sampled to determine the statistical distribution of the activation barriers for both diffusion and exchange paths.
Examination of the reaction pathways for both the glasses and the silica crystals shows that in cases where the water can approach and form a bound state to the silica lattice the barrier to reaction is significantly lower. This bound state may be considered an important precursor to reaction. This has not been revealed previously by ab initio cluster calculations. For glass B, the bound state is an intermediate local minimum (also seen in ref 20) , whereas in glass A, the bound state is lower in energy than any free water configuration found in that glass.
No systematic attempt was made to investigate the role of ring size on the reaction barriers. In this work, no small rings are ruptured. Although the reaction site in each glass is adjacent to a four-membered ring, the actual strained bond is associated with a kink of a larger ring. The adjacency of the four-membered ring to a large ring may be correlated, but more importantly, it is not the rupture of the four-membered ring that leads to a large relaxation in glass A. The strain associated with an ideal four-membered ring is expected to be about 0.02 eV, 48 which is relatively small. Although smaller rings are predicted to have additional strain, neither of the investigated glasses had any twoor three-membered rings. Although studies of sol-gel reactions show that small rings are more reactive at the sample surface, 21, 22 recent bulk calculations state that the formation energy of silanol group pairs is more favorable for larger (six-and eightmembered) rings. 20 Scission of a small ring may potentially reduce the strain associated with that small ring, but the rupture of a bond in a larger ring may allow a longer range relaxation involving folding or unfolding of the long network chain structure associated with the large ring. In addition, although breaking a bond allows the strain to relax, formation of the silanol groups also requires room to fit across the broken bond. Further work to investigate the effect of ring size more directly would be useful.
Finally, understanding how the charge of the individual ions changes when bonds are ruptured and reformed into different molecular components is important for the development of classical potentials for use in large-scale simulations of glass structure. 49 The charge analysis shows that the charge state of molecular water is modified with the hydrogen bonding with the network. Although these changes are subtle, they do represent important changes in the chemical environment and go beyond simple packing interactions. 50 More detailed work would be valuable to determine the role of polarization and of higher moments 51 in this and related materials.
Conclusions
The role of network response in the reaction of molecular water with amorphous states of silica was determined using two extreme examples that represent a locally strained glass, and a more uniformly annealed glass. In both cases, the degree of network relaxation leads to stabilizing either the molecular water or the silanol states. It is likely that highly reactive sites such as those found in glass A react early on in the processing stages as long as there is water or some other small molecule with which it can react and are otherwise rare in good glasses. The highly reactive site is found to be due to strain in the network that can trap the water in the form of silanol groups as a result of annealing the local network. In contrast, a more uniform (perhaps better) glass, such as that represented by glass B, can have a reaction site that leads to diffusion and exchange of an O atom where the network response is minimal and the reactant and product states have nearly identical energies. A higher barrier can exist in silica glass, as compared to quartz, however, the relative stability of the two states can approach zero owing to additional conformations of the silanol state to lower energy configurations. The latter is not possible in a pristine crystal, but could occur near defects and at grain boundaries.
